Zooplankton samples were collected by a high speed sampler, the U-Tow, in the north-east Atlantic between 61.6 and 36.7°N during June and July 1996, and were used 
I N T RO D U C T I O N
Zooplankton distribution, community structure and its measurement have all been well documented (Sameoto, 1986; Herman, 1992; Schneider et al., 1994; Kann and Wishner, 1995; Pinal-Alloul, 1995) , although there is no well developed, generally accepted body of theory as to why biomass and productivity of marine organisms vary greatly in space and time (McGowen, 1989) . The primary cause is the lack of adequate data on the description of these parameters with changes in the chemical, physical and biological properties of marine systems.
Zooplankton heterogeneity and community structure at a range of spatial and temporal scales is an important focus of aquatic ecological research for several reasons. For example, marine zooplankton serve a key role in marine food chains as they transfer energy from primary productivity to higher trophic levels. Knowledge of the dynamic interactions within aquatic environments is important for the generation of models describing productivity, herbivory and nutrient cycling (Sprules and Munawar, 1986; Sprules et al., 1991) . In addition, the size of animals within zooplankton communities may reveal the ultimate driving forces that shape marine ecosystems. For example, over recent years evidence for trophic cascading in aquatic systems has been identified by the abundance and size structure of organisms at different levels of the food chain (Shiomoto et al., 1997) . In lakes where there is a high abundance of planktivorous fish, size selective predation (i.e. fish selectively consuming larger prey) can lead to a dominance of small-sized zooplankton species and, as a consequence, there may be less intense zooplankton grazing and hence an increase in phytoplankton productivity (Carpenter et al., 1995) . As well as such 'topdown' control of zooplankton communities and the resulting trophic cascading, it has also been suggested that zooplankton size structure may be influenced by the size of their prey (Kiørboe, 1993) . According to this 'bottomup' control, larger herbivorous zooplankton feed on larger phytoplankton and hence, an increase in the size of phytoplankton leads to a corresponding increase in the size of the grazing zooplankton community (Kiørboe, 1993; Legendre and Michaud, 1998) .
Efforts to use size structure data to unravel how aquatic ecosystems function are clearly at an early stage, particularly for marine as opposed to freshwater systems (Pace et al., 1999) . One key limitation for marine studies is the lack of simultaneous measurements of size structure between autotrophs and heterotrophs, although this situation is starting to be addressed through focused marine studies that examine a number of different components of marine food webs. One region that has been the focus of such studies is the north-east Atlantic, with programs such as the Biogeochemical Ocean Flux Study (BOFS) (Savidge et al., 1992) , the Joint Global Ocean Flux Study (JGOFS) (Ducklow and Harris, 1993) and Plankton Reactivity in the Marine Environment (PRIME) (Martin et al., 1998) .
The north-east Atlantic provides a good region for examining the causality of spatial patterns in zooplankton abundance and community structure, since it encompasses different oceanic regimes. In the north (>50°N), there is deep winter mixing, followed by seasonal stratification in the spring and summer and a general eutrophy. In contrast, in the south (<45°N), surface waters become stratified during the summer, with the surface layers being exhausted of nutrients by phytoplankton blooms leading to long periods of oligotrophy. The aim of the present study was to quantify how the size structure and trophic composition of zooplankton communities varied over a wide region of the north-east Atlantic. We use this information to develop hypotheses to explain the ultimate factors driving the structure of planktonic communities in this region of the ocean.
M E T H O D
Samples were collected in the north-east Atlantic using the U-Tow during the transect portion of the PRIME cruise ( June and July 1996) between 61.6 and 36.7°N (Figure 1 ). The U-Tow was developed from the CPR, both of which are capable of zooplankton sampling over extending transects. During deployments, a roll of filtering mesh mounted within a plankton sampling mechanism in the U-Tow body periodically advanced so that discrete samples were collected. The mesh size was 200 µm [incorrectly reported as 280 µm in a previous study (Hays et al., 1998) ]. The U-Tow was configured so that each sample, which represented the integrated catch of 16.5 km of tow, was separated by a blank section of mesh. Following each tow, the roll of mesh was cut into sections corresponding to individual samples. Retained zooplankton were washed off the mesh into jars that contained buffered formaldehyde solution.
The U-Tow was configured to sample at a fixed depth of 10 m (±1 m, determined by a CTD), rather than in an undulating mode, and was towed at 10 knots. The flow rate was determined by an EM flow meter, so that absolute abundance could be determined for each of the samples microscopically analysed. A total of 52 samples representing 858 km of tow were selected for detailed analysis to give an even distribution of samples for the 4000 km of successful U-Tow deployment. The time (GMT) of the mid-point of each sample was recorded. Further details of the U-Tow deployment during the PRIME cruise are described elsewhere (Hays et al., 1998) .
The level of taxonomic identification generally corresponded with that performed in the CPR survey . The focus of the work was towards individual size, rather than an exercise in detailed taxonomy. As such, smaller copepods were classified simply as copepods and included juvenile stages of larger species. Larger copepods were identified to the level of genus and included Calanus spp., Pleuromamma spp. and Euchaeta spp. Other large crustaceans identified included amphipods, decapods and euphausiids. Non-crustacean taxa identified included doliolids and chaetognaths (Table I) .
Zooplankton were selected for further analysis on the basis of animal size. The probability of the retention of an animal on a net with a mesh size of 200 µm was calculated using the equations of Nichols and Thompson (Nichols and Thompson, 1991) . A lower limit of 90% probability of retention was selected, equivalent to 0.25 mm body width. Below this limit, zooplankton animals were deemed not to have been sampled representatively, and so were omitted from further analysis.
Approximately 4000 animals were identified which had a body width greater than the minimum defined limit. Measurements of the semi-minor axis (a) (e.g. prosome width in the case of copepods) and semi-major axis (b) (e.g. prosome length in the case of copepods) of individual animals were recorded. To determine the extent of shrinkage caused by preservation in formaldehyde solution, freshly collected animals were measured, preserved for several months and then re-measured. The relatively soft-bodied chaetognaths shrank significantly upon preservation by a factor of approximately 20% (paired ttest, P < 0.05). The measurements of chaetognath length and width were multiplied by a correction factor of 1.2 to account for this decrease in preserved animal size. copepods, the decrease in animal size between fresh and preserved length, even after a period of 6 months of preservation, was insignificant (paired t-test, P > 0.05), presumably due to the relatively rigid body structure. Therefore, no correction factors were used for the crustaceans. Using the length and width measurements, the equivalent spherical diameter (ESD) for all animals was determined using the equation of Herman (Herman, 1992) :
From the ESD determinations, the biovolume (BV) of individual animals was determined as: BV (mm 3 ) = 4/3 π (ESD/2) 3
R E S U LT S
Along the transect in the north-east Atlantic (Figure 1 ) there was a marked latitudinal gradient in the temperature recorded by the U-Tow. At the northern end of the cruise track, the temperature was approximately 10-11°C, while further south the temperature increased progressively to about 21°C at 37°N. There was a nonuniform distribution of zooplankton species along the transect. The most notable feature in the distributions were peaks in both the numerical abundance ( Figure 2a ) and biovolume (Figure 2b ) in the region bound by 48-51°N. The peaks in both numerical abundance and biovolume were closely associated with two frontal features (Wade and Heywood, 2001 ). This frontal system located between 48-52.5°N separated northern (52.5-61.6°N) and southern (36.7-48°N) regions which were hydrographically distinct (Wade and Heywood, 2001) . Within the frontal region, numerical abundance reached >200 ind. m -3 , which was 5-10 times greater than the average abundance within other regions of the transect. Similarly, biovolume estimates were approximately five times greater in the frontal region than the average of those attained in the northern or southern locations.
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
Collating the data into logarithmically equal biovolume size categories indicated an almost consistent decrease in numerical abundance with increased size (Figure 3a) . In contrast, the biovolume size distribution peak tended towards the larger logarithmically equal size categories (Figure 3b) . Copepods, which represented >70% of the total zooplankton abundance, numerically dominated the smaller log biovolume size categories (-1.5 to -0.75, approximately 0.7-1.2 mm copepod body length) (Figure 4 ). Approximately 5% of the total zooplankton numerical abundance was collectively represented by log size categories >0 (>2.5 mm equivalent body length). Chaetognaths dominated size categories >0 and represented >50% of the total zooplankton biovolume.
U-Tow deployments were conducted during day and night. When the mean ESD for each sample was plotted against the time of sampling, a diel pattern was evident, with lower mean ESD values being recorded during the day (06:00 to 18:00 h) and higher values during the night ( Figure 5) . A second order polynomial curve fit was applied to the data, and the residual variation in the mean sample ESD was then plotted against the sample latitude ( Figure 6 ). The results indicated that a variable other than time was responsible for the observed variation in mean sample ESD with latitude. In the northern regions, the mean sample ESD exhibited a spatially consistent pattern. The mean sample ESD increased, moving progressively south of 50°N, reaching a maximum around 42-44°N before declining again further south.
The summation of zooplankton biovolume within logarithmically equal size categories enabled clearer interregion comparisons of the zooplankton size spectrum (Figure 7) . The lowest biovolumes were recorded in the northern region, which represented 264 km of tow. There were two peaks in the biovolume size spectrum of the northern region, the first of which was common to all three regions of the transect, and was associated with small copepods (log biovolume size -1.25 to -1.00, equivalent to 0.8-1.00 mm body length). The second peak in the zooplankton size spectrum of the northern region was associated with larger crustaceans such as amphipods and euphausiids (log biovolume size 0.25, equivalent to 3 mm body length for euphausiids). The frontal and southern regions, which represented 82.5 and 511.5 km of tow, respectively, attained total biovolumes in each size category that were significantly greater than those in the northern regions. In the larger size categories, the peak in the frontal and southern regions was displaced towards a larger animal size relative to the peak attained in the northern region size spectrum, corresponding predominantly to larger chaetognaths (10 mm equivalent body length).
To investigate further the change in the zooplankton community structure along the transect, zooplankton taxa were classified as either carnivorous or herbivorous/ omnivorous (Table I) . By schematically representing the latitudinal change in the total biovolume represented by either herbivorous/omnivorous or carnivorous taxa, the results indicated a switch in trophic status along the transect (Figure 8) . North of the frontal feature (approximately 50°N), the zooplankton community structure was dominated by herbivorous/omnivorous taxa. In contrast, the southern region of the transect was generally dominated by carnivorous zooplankton taxa.
D I S C U S S I O N
Zooplankton assemblages may be defined by both the composition and relative abundance of taxa, and may characterize distinct hydrographical regimes or water masses (Fager and McGowan, 1963; Mackas et al., 1991; Ashjian and Wishner, 1993) . Our U-Tow deployments covered a range of hydrographical conditions from sub-arctic in the northern regions to sub-tropical in the southern regions. For a clearer understanding of the nonuniform distribution of zooplankton species along the transect, a combination of both biotic and abiotic contributory factors is required (Sournia, 1994; Pinelalloul, 1995) .
There was a close spatial association between both the zooplankton numerical abundance and biovolume maximum and the phytoplankton chlorophyll a maximum that has been reported for this cruise (Gibb et al., 2001; Yallop, 2001 ) and elsewhere (Le Févre, 1986; Kiørboe, 1993; Sournia, 1994) . The regional biovolume size spectra, which enable pelagic ecologists to distinguish rapidly spatial and temporal changes in structure (Napp et al., 1993) , further emphasized the elevated zooplankton biovolume in the frontal region. These results support the concept that frontal features are regions of elevated biomass (Fernández et al., 1993; Kiørboe, 1993; Sournia, 1994) . The elevated phytoplankton concentrations between 51 and 53°N are thought to reflect the influence of hydrographical conditions associated with the frontal features (Yallop, 2001) . The fronts separated two hydrographically distinct water masses, identified by ADCP (Wade and Heywood, 2001) , in which taxonomically distinct phytoplankton assemblages developed (Gibb et al., 2001; Yallop, 2001 ). Below, we develop an argument which suggests that the influence of hydrography in the temperate North Atlantic on the phytoplankton community structure may also be evident at the level of the mesozooplankton size and community structure.
The surface waters cooled and freshened north of a front at 52.5°N, which was an extension of a southern branch of the North Atlantic Current (NAC) System. In this northern region of the transect (52.5-61.6°N), phytoplankton are not limited by nitrogen availability (Taylor et al., 1993) as a consequence of the depth of vertical mixing and the shortness of the season. The phytoplankton assemblage was dominated by prymnesiophytes (Gibb et al., 2001) and diatoms (Yallop, 2001) , which are typically first in phytoplankton bloom species succession. Diatoms also dominated the elevated phytoplankton biomass between the front at 52.5°N and a secondary front at 48°N, which was the northern limit of Eastern North Atlantic Water (Wade and Heywood, 2001) . A strong thermocline was observed at depths between 30 and 50 m in the southern regions of the transect (36.7-48°N). The phytoplankton assemblage in the essentially oligotrophic southern regions was characterized by small-celled prokaryotic cyanobacteria and prochlorophytes (Gibb et al., 2001) . Cyanobacteria and prochlorophytes are superior competitors for extremely low nutrient concentrations, due to their higher surface area to volume ratios (Kiørboe, 1993) . Picoplankton typically succeed the diatom assemblage in temperate waters, triggered by the onset of thermal stratification (Kiørboe, 1993) . The hydrographical conditions and the associated phytoplankton assemblage in the southern region of the transect were typical of post-phytoplankton bloom conditions. The shift in the taxonomic composition of the phytoplankton assemblage between northern and southern regions was accompanied by a shift in the overall biomass (Gibb et al., 2001) .
The latitudinal variation in the mean ESD values of each zooplankton sample indicated a change in the zooplankton size structure. This pattern was not influenced by the diel variation in zooplankton mean ESD with time. The mean ESD values for our zooplankton samples were greatest during the night and lowest during the day. The pattern of normal diel vertical migration corresponded to the upward migration of larger species to the surface waters during the night to graze, with subsequent downward migrations prior to sunrise as a means of avoiding visual predation . The signal was heavily weighted by the chaetognaths, which represented >50% of the total zooplankton biovolume and which have been reported to be strong vertical migrants (Terazaki and Miller, 1986) . Chaetognaths dominated the zooplankton assemblage in the southern region of the transect, contributing significantly to the elevated ESD values in this region and resulting in a predominantly carnivorous trophic status.
In contrast, the trophic status of the northern region was herbivorous/omnivorous, and was dominated by larger copepods. Although copepods numerically dominated the total zooplankton abundance, as is often the case (Fernández et al., 1993; Weikert and Koppelmann, 1993; Kann and Wisher, 1995) , their contribution to total zooplankton biovolume was <10%. As such, the northern region of the transect attained much lower combined biovolumes within the logarithmically equal size categories of the biomass size spectra in comparison with other regions of the transect. However, copepods have a higher carbon content per unit biovolume in comparison with chaetognaths (Donnelly et al., 1994) . Copepods are in a key position for structuring seasonal pelagic ecosystems, which places them in a position of greater importance than their contribution to total zooplankton biovolume would suggest (Kiørboe, 1993) .
The switch in the trophic status of sampled zooplankton may reflect the combination of the size structure of the animals in the water and the method of sample collection. The U-Tow has the same limitations as any net capture technique, i.e. it is biased towards hard-bodied species which do not disintegrate upon capture, unlike gelatinous forms. 'Net avoidance' is also a factor that influences such methods. In addition, a number of studies indicate that differences in mesh size have both qualitative and quantitative implications for the interpretation of results generated by such methods (Sameoto, 1986; Weikert and Koppelmann, 1993) . A consequence of the 200 µm mesh used in the U-Tow is that small copepods, such as Oithona and Pseudocalanus, would not have been quantitatively sampled. When the classic phytoplankton-herbivorecarnivore food chain is composed of small phytoplankton cells grazed by small herbivorous copepods (Kiørboe, 1993; Legendre and Michaud, 1998 ) (i.e. both of a size small enough to pass through our mesh), a 200 µm mesh might collect the larger carnivorous taxa. Small copepods have been noted to dominate zooplankton communities (Morales et al., 1991) . However, the tendency for these to be massively under-sampled by a 200 µm mesh would explain the dominance of chaetognaths in our U-Tow samples collected from the southern region, which was characterized by small phytoplankton cells (Gibb et al., 2001) . In contrast, where the classic phytoplankton-herbivore-carnivore food chain is composed of large phytoplankton cells grazed by large herbivorous/omnivorous copepods (Kiørboe, 1993; Legendre and Michaud, 1998) , the 200 µm mesh might predominantly collect these herbivorous/omnivorous taxa. This scenario would explain the dominance of herbivores/omnivores in the northern region, as this area was characterized by larger phytoplankton cells (Gibb et al., 2001) . We have no information about the relative abundance of planktivorous fish in different areas of the north-east Atlantic. However, our results suggest that in this region of the ocean, top-down effects do not need to be invoked to explain the observed spatial patterns in zooplankton size structure.
In general, bloom conditions in the open ocean occur as a broad band sweeping polewards with the onset and progression of spring and summer conditions (Sumich, 1984) . The associated variations in seawater temperature, chemistry and physical stability in temperate oceans are abiotic environmental influences that cause species shifts in marine phytoplankton (Holligan et al., 1980) . The difference in the taxonomic composition of both the phytoplankton and zooplankton assemblages between northern and southern regions was consistent with the northerly progression of phytoplankton blooms and the associated productivity in temperate oceans (Boudreau et al., 1991) . This factor may also contribute to the southerly displacement of the peak zooplankton maximum from the phytoplankton maximum, as is often reported (Richardson, 1985; Olivar and Barange, 1990; Fernández et al., 1993; Kiørboe, 1993) . Zooplankton have a generation time of one month or greater and may not be able to respond rapidly to changes in the phytoplankton assemblage, which may take place in the order of days (Richardson, 1985) .
To conclude, elevated zooplankton abundance and biovolume estimations were associated with a frontal feature which separated hydrologically distinct water masses. A switch in both the zooplankton size structure and trophic status between northern and southern regions of the transect, centred within the frontal system, paralleled a taxonomic switch in the phytoplankton assemblage. As such, we would suggest that our results are consistent with 'bottom-up' control of zooplankton size structure in this region of the temperate North Atlantic.
